Background: The assessment of pressure pain has become an integral part in
| INTRODUCTION
Algometers have become one of the most commonly used devices to measure pain in behavioural sciences (Gebhart & Schmidt, 2013) . Pressure pain is mainly assessed within the domain of clinical pain research (e.g. Skou et al., 2016) and quantitative sensory testing (e.g. Rolke et al., 2006) , but is also included as a dependent variable in various other research questions, for example, in threat expectancy paradigms (e.g. Jones & Sharpe, 2014) , for altered body representation effects (e.g. Tsay, Allen, Proske, & Giummarra, 2015) and within cognitive task paradigms (e.g. Karsdorp, Ranson, Nijst, & Vlaeyen, 2013) .
Measuring mechanical pain raises some questions regarding standardization, for it can depend on the method (e.g. differences in temporal and/or spatial summation; Defrin, Ronat, Ravis, & Peretz, 2003; Izumi, Petersen, Laursen, Arendt-Nielsen, & Graven-Nielsen, 2017) as well as on the properties of the respective tissue (Finocchietti, Arendt-Nielsen, & Graven-Nielsen, 2012) . Small probes (≤0.5 mm²), for example, have a larger effect on cutaneous afferents, which is mostly perceived as sharp pain requiring smaller forces to reach pain threshold levels (Greenspan & McGillis, 1991; Takahashi et al., 2005) . In contrast, larger probes (≥1 cm²) may be relatively more dependent on contributions from deep somatic tissue (e.g. muscles, fascia, aponeuroses etc.) and their respective afferents, which are reported to be associated with the sensation of dull pain (Treede, Rolke, Andrews, & Magerl, 2002) . It was also shown that subcutis and thoracolumbar fascia can create a sensation of burning, throbbing, scalding, stinging, hotness and beating at the lower back after being injected with hypertonic saline (Schilder et al., 2014) .
Pressure-induced pain has its origin in a subpopulation of sensory afferents activated only by strong mechanical stimulation by encoding compressive stress (i.e. the stress on bodies that leads to smaller volume; Khalsa, Zhang, & Qin, 2000) . Mechanonociceptor neurons have peripheral axons of variable diameter and degree of myelination belonging either to the thin myelinated Aδ (2-20 m/s) or to the unmyelinated C-fibre type (<2 m/s). Their receptive fields can vary (2-5 cm wide and 1-2.5 cm long) and consist of responsive spots (<1 mm²) separated by unresponsive areas (De la Pena, 2013) . A study using microneurographic recordings has found that measured mechano-heat responsive cutaneous areas (C-fibre) of the leg or foot can vary between 0.16 and 5.11 mm² (Schmidt, Schmelz, Weidner, Handwerker, & Torebjork, 2002) . In rats, the mean size of nociceptive fields of the thoracolumbar fascia was 0.69 cm² (n = 3) (Hoheisel, Taguchi, Treede, & Mense, 2011) . The mean size of the receptive fields of the multifidus muscle seems to be smaller (fig. 4 in Hoheisel et al., 2011) . In rats' crural fascia, the receptive fields of Aδ fibres averaged 2.77 mm², those of C fibres 0.55 mm² (Taguchi et al., 2013) . So far, there are no findings describing the properties and size of mechano-nociceptive fields in bone tissue. Polymodal C-and A-delta fibres in the skin are responsive to high-intensity mechanical stimuli as well as to heat. Epithelial cells (i.e. Merkel cells, which are slowly adapting type 1 (SA1) mechanoreceptors involved in the detection of edges and textures) have been shown to actively contribute to nociceptive transmission (Peirs & Seal, 2017) . The combinatorial coding of tactile and noxious sensory input could be a precondition of normal mechanical pain signalling (Arcourt et al., 2017) . Noxious stimulation is transduced at the level of both primary afferents and somatosensory components in cutaneous mechanoreceptors (Bagriantsev, Gracheva, & Gallagher, 2014; Peirs & Seal, 2017) . Superficial bone pain, which is derived from noxious stimulation at the periosteum, is partially innervated by neurons that have properties suggesting they may be stretch receptors (Nencini & Ivanusic, 2016) . The sensation of acute muscle and joint pain is the result of activation of group III (Ad-fibre) and group IV (C-fibre) polymodal muscle nociceptors (Arendt-Nielsen & GravenNielsen, 2011) .
It can be presumed that the sensory aspect of mechanical pain is a highly complex event modulated by the shape, stiffness and intensity of an external stimulus reacting to specific characteristics of the respective tissue. Measuring pressure pain with conventional algometers is usually obtained by dividing the maximum recorded force by a probe's contact surface. In this case, it is presumed that a measurement site is completely indented by the probe's surface and that pressure (i.e. force exerted on a surface per unit area) is distributed evenly. However, soft tissue (e.g. muscle belly) may wrap itself around the probe, whereas hard tissue (e.g. bone) may leave some of the probe's contact surface untouched. In fact, heterogeneous peak pressure profiles were observed at the edges of a cylindrical flat plunger with rounded edges (A ≈ 1.8 cm²) even when muscle tissue was indented (Finocchietti, Mørch, ArendtNielsen, & Graven-Nielsen, 2011) . So far, little is known about the effects of peak pressures during algometry readings. Preliminary tests with a square plunger with rounded edges have shown that some subjects were able to detect peak pressures and reported that they were relevant for their pain threshold. Based on these findings, we hypothesized that potential peak pressures might be relevant for the level of pressure pain thresholds (PPTs, i.e. the minimum intensities of pressure stimuli that are perceived as painful; IASP, 2013).
| MATERIALS AND METHODS

| Design
In an experimental study, pressure pain thresholds were measured in 100 healthy subjects. Due to safety concerns over high mechanical stress caused by pressure pain tolerance readings, it was decided to focus on pain threshold levels. An automatic pressure algometer with a linear increase in force was built and fitted with an indicating film to record the related pressure distributions.
This study was initially born over safety concerns regarding human-robot interactions at workplaces. Before performing our experiments, there were no scientifically based limits for clamping-style contacts between workers and collaborative robots (i.e. robots, which are designed to operate near workers). Some of those contacts may be painful or even hazardous (Muttray, Geißler, & Letzel, 2012) . The novel idea was to create technical limits for human-robot collisions based on PPTs (forces and peak pressures) measured in human subjects.
Twenty-nine body sites (28 sites in women, excluding the breast muscle; for an overview, see Figure A1 in the Appendix) with proven practical relevance when working with collaborative robot systems were selected with support from robotic experts of the German Committee of Standardization (DIN). Measurement sites were combined into five measurement blocks (consisting of 1-10 measurement sites), which were presented in randomized order. Each site was measured three times, nonconsecutively. As PPTs will affect collision limits, most measurements were conducted on the nondominant (ndom) side, since some research suggests that lower pain thresholds might be attributed to the nondominant hemibody (e.g. Brennum, Kjeldsen, Jensen, & Staehelin, 1989) .
| Algometry
The test facility included a fully automatic pressure algometer, a pressure-indicating film as well as an apparatus for positioning selected body sites (Figure 1) . Measurements on the muscle showed that the pressure pain thresholds were different when the position of the plunger was varied by a few centimetres (Andersen, Arendt-Nielsen, Danneskiold-Samsoe, & Graven-Nielsen, 2006) . With the help of bearing materials (Melia et al., 2015) , it was strictly ensured that the plunger was positioned exactly at the respective parts of the body during all three measurements.
The force-controlled algometer generated a linear increase in force by taking the progression of distance in relation to the respective force into account (100 Hz). The increase in force in this study was generally 5 and 2 N/s for three more sensitive measurement sites (i.e. temple, neck muscle and chewing muscle). Preliminary tests had shown that the test persons had problems in reacting in good time due to the short application of pressure (for details see Melia et al., 2015) .
Pressure profiles were measured with a customized ultrathin (0.1 mm thick), tactile pressure sensor, which consists of 184 single sensors cells (Figure 1) Distance of the sensor from the center of the plunger -10 -8 -6 -4 -2 0 2 4 6 8 10 Distance of the sensor from the center of the plunger ; distance between two sensor centers = 1.02 mm. Black spots represent genuine sensors, white spots represent virtual/modeled sensors. Peripheral spots (4 rows) are located on the rounded-off and vertical areas of two overlapping conductor tracks measuring 0.14 mm² (Figure 1 ). The matrix-based sensors consist of two thin, flexible polyester sheets that have electrical conductors printed on them in stripe patterns. A patented, semi-conductive coating is applied over these conductors. When the two polyester sheets are placed on top of each other, a grid pattern is formed. The intersections of the stripes form individual sensing elements. When force is applied to these sensing elements the electrical resistance in the ink changes in inverse proportion to the applied normal force. The electrical resistance measured in each sensor cell has an impedance between 10 Mega Ω (unloaded) and 20 K-Ω (loaded). The sampling frequency of the complete sensor matrix was 100 Hz. Predefined force values (calibration) are assigned to a current electrical resistance via an 8-bit analogue-digital converter (raw values from 0 to 255). Pressure values are then derived from the respective surface (P = F/A). Calibration of the pressure-indicating film sensors was performed once per day before the measurements. The indicating film was changed after approximately 300 measurements or when the calibration showed that sensors were low-performing or defective.
The corners of the plunger used in this study could not be placed with sensors due to missing technical feasibility. First orienting measurements with a Fuji-pressure indication film (Fujifilm Global, Tokyo, Japan), which was not glued onto the plunger but placed separately between the palm of the hand and the plunger, showed that the pressure primarily increases at the edges and corners. This has led to various tests on materials with different grades of stiffness and hardness to validate the obtained values. Based on these measurements, a five-step algorithm was developed to model local pressures peaks during pressure pain threshold readings.
| Application of "averager"
Smoothing of pressure signals with the "averager" (avg. 2) according to the prescription and software package of the manufacturer (Tekscan-I-Scan ® System).
Neighbouring sensors of the index sensor X are designated by the following letters The smoothing value of the index sensor X (avg. 2) is calculated with the following formula, whereby only positive values are included:
| Thrust correction
A thrust correction for sensors, which are located in the bent area (Figure 2 ), is applied. For those sensors, it is presumed that the force, which acts parallel to the perpendicular axis of force, is made up of a normal force and a tangential friction component. There are multiplying factors of approximately 1.04, 1.44 and 3.88 depending on the location of the sensor row. The factor of 3.88 is also used for sensors which are aligned vertically.
| Extrapolation
The pressure profiles of the corner areas -which are not covered by sensors -are extrapolated using the intersection of two linear pressure gradients derived from existing sensors. For the linear extrapolation, three neighbouring sensors with the same angle (0°, 15°, 45°, 75°and 90°) each are used. The extrapolation takes place along contour lines from both sides, which lead to the corners ( Figure 1 ). Pressures from both sides usually increase towards the corners along those contour lines and meet around the corners. The point of intersection is the break point of both extrapolated lines. The pressure peak of the corner is the maximum of the contour lines. If there is no intersection, both contour lines are extended to the middle of the corner. In every corner, a pressure maximum is defined if the extrapolation points to a pressure peak in the respective corner. [mm]
[mm]
F I G U R E 2 Factors of thrust correction of the three sensor rows at the bend on corner of the plunger. Abscissa: distance from the plunger's middle. Ordinate: distances of the sensors in the bent area points (middle of the corner). In the area of extrapolation, virtual sensors were defined, which had the same area as the other sensors (A = 1.032 mm²). In every corner area, three virtual sensors are located exactly in the middle. Estimated values are calculated for every virtual sensor based on an extrapolation. For the virtual sensor in the middle of the corner, the mean value from the extrapolated values of the two neighbouring virtual sensors is calculated.
| Integration
Pressure values at the corners are integrated to a total force of every corner. The total force based on the pressure-indicating film is as follows:
The sum of all sensors x the sensor area including the calculated forces at the corners The integration is achieved by an area weighted summation of measured and virtual sensors.
| Recalibration
The factor for the recalibration is derived from an independently measured force at the probe shaft. This measurement system is completely separated from the Tekscan System. It is integrated in the algometer. The factor results from the force at probe shaft divided by the total force according to the pressure-indicating film (after application of steps 1-4).
The smoothened ("averager") sensor pressures and the calculated pressure peaks in the corners are multiplied with the recalibration factor. The global pressure peak is the maximum of the corrected pressures in the sensor area including the virtual sensors in the corner. Those calculations were conducted separately for every measurement. Then, a median score was calculated (of three measurements). For every measurement site, a total median and quartiles of the participants were calculated.
| Test subjects
One hundred participants (57 men, 43 women; median age = 31.5 years; range = 18-66 years; 98 of European descent, two African descent) were included in the study. Forty participants (30 men, 10 women) were trained manual labourers in the metalwork industry, 28 were students, and 32 worked in nonmanual professions (six of which were retired).
Using a standardized questionnaire and a free medical anamnesis, we screened for illnesses, which could present a risk of test subjects or influence pain thresholds. Exclusion criteria were neurological, psychiatric, chronic pain illnesses as well as movement disorders and muscle soreness. None of the subjects had a recent history of musculoskeletal pain or took pain medication. According to the Beck Depression Inventory (BDI-II) (Beck, Steer, & Brown, 1996) , none of the participants had clinically relevant depressive symptoms (median = 2, 3rd quartile = 4, Max = 13). A tendency to bleed was excluded using a validated questionnaire (Luxembourg, Krause, & LindhoffLast, 2007) . Eleven subjects were left-handed according to the Edinburgh Handedness Inventory (Oldfield, 1971) . The mean body mass index (BMI) of the subjects was 25.1 kg/ m² (range 16.4-36.5 kg/m²).
The study protocol was approved by the ethics committee of the Medical Association of Rhineland-Palatinate (Landesärztekammer Rheinland-Pfalz) and was conducted in accordance with the Declaration of Helsinki and its amendments. Informed written consent was obtained from all volunteers prior to the inclusion of the study.
Volunteers were recruited via advertisement in the online magazine "production", in safety seminars conducted by the BGHM (Expert Committee Woodworking and Metalworking of the German insurance association), as well as by word of mouth. All subjects received a monetary compensation for their participation.
| Procedure
After the medical examination, three test measurements were conducted using a conventional hand-held pressure algometer (Sauter FA 500, Greenwich, USA; A ≈ 1 cm²) followed by seven test measurements with the automatic algometer ( Figure 1 ) at measurement sites which were not examined in the study (e.g. on the dominant side). The goal was to familiarize the subjects with the procedure, to reduce possible anxiety and convey the concept of pain threshold. Measurements were conducted by trained investigators who had the same sex as the subjects in order to minimize possible gender effects due to the interaction between subjects and investigator (Chapman, Benedict, & Schioth, 2018; Levine & Simone, 1991) .
All 29 measurement sites were marked to measure the exact same site for all three cycles. Measured body sites were fixated with an array of different devices, which included vacuum cushions (Schmidt GmbH, Garbsen, Germany) , adjustable hook and loop fasteners, chin rests and metal panels of different size and shape (item GmbH, Solingen, Germany). The plunger was applied perpendicular to the skin. The test subject was able to terminate the application of force at any chosen time by activating a response-key, which led to a rapid return of the plunger to its home position. Subjects were blindfolded and instructed to release or press the response-key when "pressure transitions into beginning pain".
After each measurement, the intensity of the stimulus was rated on a 21-point numerical rating scale (NRS) from 0 = "no pain" to 20 = "most pain imaginable" (Williamson & Hoggart, 2005) , which had been explained and practised during the test measurements. In order not to influence the subjects in their perception, they were merely asked to state any observations or qualities which may have occurred during or after the PPT measurement. This procedure was also practised at least one day before the experiment. Each measurement site was also thoroughly checked by a physician for potential after every measurement as well as before and at the end of every experimental day.
The Karolinska Sleepiness Scale (KSS) (Åkerstedt & Gillberg, 1990) was filled out at the beginning and at the end of each experimental day as well as at hourly intervals during the experiment. Breaks were taken when KSS scores reached ≥7 ("tired but no problems staying awake") and/or on the basis of personal preference.
The measurements took place within one calendar week and were spread over two experimental days. The mean time for all measurements per subject was 8 hrs and 11 min (SD = 23 min). The minimum interval between two measurements of the same site was 2 hrs and 40 min. The average temperature depended on the season and was 24 ± 3°C; the relative air humidity was 43% ± 10%.
| Data analysis
Pressure pain thresholds were log transformed to the base 10 to ensure normality and to stabilize variances. The variances between subjects, the different measurement sites and measurement runs were estimated by fitting an appropriate random effects model to the log PPT (force and pressure). To test for systematic differences in PPTs, linear mixed models were fitted to the log PPT (force alone, due to the higher variability in peak pressure values) of every measurement site separately with gender, work status, age, measurement run, body regions, tissue characteristics and laterality as fixed effects. The model fit was achieved by the restricted maximum-likelihood method (REML) (Verbeke & Molenberghs, 1997).
Spearman's rank correlation coefficients were used for the analyses of bivariate correlations with categorical data. For interval/ratio variables, Pearson's product-moment correlation coefficients were calculated. For graphical presentation, the effect estimates for manual labourer vs. nonmanual labourer adjusted for age and gender as well as the effect estimates for gender adjusted for age and work status were plotted as the mean differences with corresponding confidence intervals (95% CI). The mean values of three pressure and force measurements as well as pain intensity ratings per subject and localization are presented as boxplots. To compare the variability between forces and peak pressures, standardized Z-scores were calculated for the 80 th percentile of each measurement site. All presented p values are two-sided. The analyses were performed using R version 2.12.2 (R Development Core Team, Vienna, Austria).
3 | RESULTS
| Alertness level of test subjects
The median score of the Karolinska Sleepiness Scale was 3 ("alert") and did not change in the course of the entire experiment. Scores of 7 were reported 33 times, and a score of 8 (between "tired but no problems staying awake" and "extremely sleepy, fighting sleep") was reported once. Scores decreased markedly in all cases after having taken a break.
| Experimental anxiety
State anxiety, which could have been caused by the experiment, was assessed with the State-Trait Anxiety Inventory (Spielberger, 1983) before and after the last PPT measurement. One subject revealed a slightly higher score of 51 before the first measurement, exceeding the presumed level of 50, which might point to an elevated state-anxiety level (Fisher & Durham, 1999) .
| Skin alterations
Of 8,571 measurements, 167 skin alterations were observed in 61 subjects. The most common observations were reddening of the skin (n = 136), followed by minor haematomas (not before the second measurement run; n = 14), slight skin abrasions (n = 8), other skin irritations (i.e. minor swellings n = 8) and one case manifestation of a physical urticaria at the abdominal wall.
| Pain intensity ratings
The median stimulus intensity rating, which was assessed after each PPT reading, was 3 (0 = "no pain", 20 = "most pain imaginable"). Ratings showed little variation within subjects. There were no cases of 0 scores, indicating that the pain threshold was reached in every case. Fifty-six of 100 subjects rated the perceived pain intensity 4 or less on the 21-point scale. Nine subjects had a median score of 10 or higher. The average rating of the perceived pain intensity was neither associated with the log10 PPT mean of force nor peak pressure (correlation coefficient depending on the localization, for force range of rho = between 0.02 and 0.19 and for peak pressure rho = between −0.08 and 0.11). The maximum intensity rating of 17 was scored 46 times, 44 times by one subject and twice by another subject. The individuals concerned were asked during the experiment whether they were still reporting the pain threshold and why their intensity ratings had been so high. Both reported that the 21-point scale had been falsely understood as the intensity of the perceived threshold pain and not of the complete spectrum of pain. Both subjects assured the investigators upon inquiry that they did activate the response during the onset of pain throughout the experiment and the data were not excluded from analysis.
| Distribution of pressure
Measurements on soft tissue mostly resulted in peak pressures located around the corners (Figure 3 ). In contrast, pressure distributions applied onto bony tissue revealed one or more prominent pressure peaks. The pressure distribution depended on the tissue elasticity (including the profile of hard tissue) as well as the indentation depth of the plunger. The course of pressure increase during the measurement is shown for the middle of forehead (hard tissue) and abdominal muscle (soft tissue) as an example (Figure 4 ). The peak pressure for the middle of the forehead was 196 and 175 N/ cm² for the abdominal muscle, respectively. The pressure profile of the forehead for this particular measurement revealed a second pressure peak in the middle of the plunger amounting to 142 N/cm². The measurement at the abdominal muscle on the other hand created four pressure peaks around the corners of the plunger, with the highest peak pressure at the bottom right (175 N/cm²) and the second highest at the bottom left (132 N/cm²). Fictitiously averaged pressures (force divided by the probe's theoretically maximum contact surface) always underestimated the extent of actual pressure. In these two examples, fictitiously averaged pressures were much lower than peak pressures (at the forehead 106 vs. 196 N/cm², at the abdominal muscle 42 vs. 175 N/cm²). Some deviations between measurement sites regarding forces and peak pressures were observed (Table 1) . Exemplarily Z-Scores at the 80th percentile reveal that average peak pressures show particularly high deviations from the corresponding average forces at the forehead, spinous process C7, spinous process L5, breastbone and abdominal muscle.
| Pressure pain thresholds
Both forces and peak pressures were scattered between subjects and between the different measurement sites (Figure 5) . Overall, 48% of the total variance of PPT measurements could be attributed to the variability between measurement positions, 37% between subjects and 14% between repeated measurements at the same position (random effects model). Peak pressures correlated with forces (r = 0.58, Pearson, p < 0.001; Figure 6 ).
With the exception of the forehead, comparatively low PPTs (peak pressures and forces) were predominantly obtained at or near cranial sites, which included the temple, the chewing muscle (M. masseter) and the neck muscle (M. sternocleidomastoideus). PPTs at the shoulder joint were also comparatively low (see Figure 5 ). The highest PPTs (peak pressures and forces) were observed at the index finger pad, the calf muscle and the kneecap. PPTs (peak pressures and forces) at the legs and hands were consistently higher than the average of the remaining sites.
There were no clear-cut differences between the PPTs (both peak pressures and forces) at the dominant and nondominant hands (for forces range of p = 0.11-0.40; for peak pressure range of p = 0.23-0.32).
On average, according to mixed linear models,,men had approximately 25% higher PPTs (peak pressures and forces, adjusted for age and work status) than women. For forces, all 28 measurement sites (breast muscle only measured in men) were higher in men (27 measurement sites p < 0.05), and for peak pressures, 26 measurement sites (15 measurement sites p < 0.05) were higher in men (Figures 7 and 8) .
Manual labourers had higher average PPTs (peak pressures and forces, adjusted for age and gender) than the "remaining sample". The forces of all measured sites (five measurement sites p < 0.05) and the peak pressures of 23 measured sites (seven measurement sites p < 0.05, Figures 7 and 8) were higher in manual labourers. The differences between manual labourers and the "remaining sample" were larger at the hands, arms and legs.
The forces of the 1st to the 2nd measurement runs increased by 1.5% (p = 0.22, mixed linear model) and from the 2nd to the 3rd runs by 1.7% on average (p = 0.08, mixed linear model). The trend of increasing PPTs (forces) with measurement run was independent of the measurement site. Peak pressures increased from the 1st to the 2nd measurement runs by 0.4% (p = 0.91, mixed linear model) and from the 2nd to the 3rd runs by 1.6% (p = 0.38, mixed linear model).
Adjusted forces (averaged forces of all measurement sites) were estimated to increase by 4.7% by decade of the subjects' ages (p = 0.11, mixed linear model). Adjusted peak pressures (averaged peak pressures of all measurement sites) were estimated to decrease by 4.8% by decade of the subjects' age (p = 0.06, mixed linear model).
Subjects were asked after every measurement if they had made any observations. Some were more observant than others and could locate peak pressures, which matched the recordings from the pressure-indicating film.
| DISCUSSION
| The meaning of peak pressure
This study was the first to examine pressure peaks across the human body during the assessment of pressure pain thresholds. An array of different pressure profiles was found, which mostly reflected the properties of the respective tissue. Some sites revealed high peak pressures (e.g. forehead) despite being accompanied by relatively little force and vice versa. Pressure pain values are commonly obtained by dividing a measured force by the contact surface of the probe (e.g. Jensen, Andersen, Olesen, & Lindblom, 1986; Prushansky, Dvir, & Defrin-Assa, 2004) . From a physical point of view, this means that an even pressure distribution is assumed. However, our results show that this assumption is not always true. In this study, pressure distributions on hard tissue are more heterogeneous and usually produce more prominent peak pressures. Indentation of soft tissue on the other hand creates a distinct distribution, with multiple peak pressures around the corners. The displacement of soft tissue usually leaves the centred area of the plunger with little or no measurable contact. The pressure profiles on soft tissue are in line with a pressure distribution obtained from modelling pressures under a 1.5 cm 2 cylindrical plunger, revealing pressure maxima around the edges and little pressure directly under the plunger (Finocchietti et al., 2011) . It is therefore not surprising that the association between force and peak pressure (r = 0.58, Pearson) was moderate. Consequently, the presentation of an average pressure can mean a loss of information. The question is whether this loss of information is relevant. One source of variance may lie in the extrapolation of pressure around the corners. However, looking at the marked differences in the pressure profiles (see Figure 4) , it seems obvious that extrapolation alone cannot explain the moderate association between force and peak pressure. Rather, there are also neurophysiological and physiological findings. The force necessary to evoke a nerve impulse discharge in mechanonociceptors is several magnitudes larger than the force required for the activation of low-threshold mechanoreceptors (De la Pena, 2013). As a result, mechanonociceptors are activated earlier at the same mean pressure when there is a pronounced pressure peak and no uniform distribution of pressure. Our results show that this mechanism is physiologically relevant, because some more observant subjects could locate peak pressures under the plunger. The device described in this study made it possible to measure peak pressures and forces simultaneously. Greenspan and McGillis (1991) , who expressed pain thresholds in terms of forces, found that pain thresholds increased as the test area increased (from 0.05 to 0.24 mm²). In this study, the area covered by each sensor cell covered a surface of approximately 1 mm². It is conceivable that isolated peak pressures of 1 mm² or smaller as well as slightly larger areas with elevated pressures were essentially involved in the modulation of mechanonociception. This notion is supported by findings describing responsive areas smaller than 1 mm² and up to 5 mm² (De la Pena, 2013; Schmidt et al., 2002) .
| Variability of pressure pain thresholds
We observed a large variation in PPTs (force and peak pressures) between the different subjects. The observed variability of forces is in line with literature (force and averaged pressure; e.g. Jensen et al., 1986; Prushansky et al., 2004; Rolke et al., 2006; Walton et al., 2011) . In this study, force and peak pressure values also varied depending on the measurement site. Cranial sites as well as the temple, neck muscle and chest bone were more sensitive than other sites. The PPTs of the hands and legs were consistently higher. This result is in line with recent research. Compared to peripheral pain, trigeminal pain elicits higher levels of fear (Schmidt et al., 2016) . Accordingly, the electrical pain thresholds on the hand were considerably higher than on the forehead (Schmidt et al., 2016) . On the neural level, the authors reported a higher amygdala activation for the face compared with hand pain condition that scaled with the difference in perceived pain-related fear. Pressure pain thresholds have shown to depend on the increase in force (Lindley, Zimkowski, Patel, & Rentschler, 2012) . There might be a reduction in the variability of pain threshold responses using a computer controlled algometer compared to a hand-held device (Brennum et al., 1989; Lindley et al., 2012) . One advantage of the pressure algometer used in this study is the maintenance of a consistent increase in force over multiple test periods. Maintaining a linear increase in force with a hand-held device can be challenging and may vary from operator to operator and also within each operator (List, Helkimo, & Karlsson, 1991) . Furthermore, an investigator may not come up with the necessary strength (Takala, 1989) for reliable measurements. Application rates found in other studies can range from 0.05 to 20 N/s, whereby fast rates may provoke a false threshold reading (Nussbaum & Downes, 1998; Prushansky et al., 2004) .
| Subject factors
The largest influencing factor in this study was gender. Men had higher pain thresholds than women (force and peak pressure), which is in line with literature (e.g. Chesterton, Barlas, Foster, Baxter, & Wright, 2003; Maquet, Croisier, Demoulin, & Crielaard, 2004; Racine et al., 2012) .
The subgroup of labourers from the metalworking industry revealed higher pain thresholds compared with the remaining sample. This finding is in line with a Chinese study (N = 2517), which reported higher pressure pain thresholds for "manual" labourers compared with "nonmanual" labourers (Zhang et al., 2013 ) and a study comparing six experienced butchers to a control group of twenty students (Madeleine, Lundager, Voigt, & Arendt-Nielsen, 2003). One possible explanation is that painful encounters seem more likely for "manual" labourers, which could lead to desensitization to painful stimuli (Rennefeld, Wiech, Schoell, Lorenz, & Bingel, 2010) . Previous pain experience of healthy nonlabourers has also shown to decrease the relative risk of reacting with lowered PPTs after multiple noxious stimulations (30 times) on the trapezius muscle (Sjölund & Persson, 2007) .
The observed trend of increasing PPTs related to force (4.7% by decade) with age is also compatible with other findings (Lautenbacher, 2012; Magerl et al., 2010; Neziril et al., 2011) . A decrease in pressure peaks may be the result of biological ageing. This trend, however, seems too weak for any conclusion.
Some research suggests that there might be a tendency for lower pain thresholds at the nondominant hemibody (Brennum et al., 1989; Özcan, Tulum, Pınar, & Başkurt, 2004) . No clear differences were observed in this study. Brennum and colleagues found slightly higher thresholds at the dominant index finger, thumb and toe. Another study observed higher thresholds at the dominant side of the index finger and little finger, but only for right-handed subjects (Özcan et al., 2004) . Therefore, potential differences between the dominant and nondominant side regarding PPTs cannot be conclusively judged.
| Limitations
The increase in force was different in three more sensitive measurement sites (2 N/s compared to 5 N/s). It served the purpose to give subjects more time to react. The difference in increase in force and a comparatively longer compression of the respective tissues might therefore limit comparability to some extent.
Another limitation of this study is that pressure values at the corners of the plunger had to be extrapolated due to missing sensors. This is particularly problematic for measurements with peak pressures located at the corners of the plunger. Furthermore, the resolution of the indicating film (sensor area ≈ 1 mm²) could potentially underestimate the peak pressures on areas <1 mm².
The assumption that possible experimenter gender effects are equivalent for both sexes is not completely backed by more recent literature, stating that participants of both genders could report higher pain scores to female investigators (Chapman et al., 2018; Fillingim, 2017) . Using female investigators for female subjects, potential effects could not be avoided. Additional analyses indicate that the rater only played a minor role as source of error.
The low state-anxiety scores might be due to a self-selection bias by recruiting less anxious volunteers. Consequently, our results cannot be transferred to the general population. Relatively few female manual workers could be acquired for this study, which made an additional subgroup analysis not feasible.
| Practical implications
Capturing pressure profiles can provide additional information about the measures of mechanical pain. Due to the high apparatus demands, our test facility is less suitable for clinical settings or research questions in which PPT measurements are regarded as secondary. The occurrence of potential peak pressures, however, should be kept in mind. Studies, which include pressure pain paradigms, should also consider attributing some of the variability to differences in pressure profiles. We assume that peak pressures can be useful in other behavioural studies when measuring stimulus-response curves (Svensson, Arendt-Nielsen, Nielsen, & Larsen,1995) as well as spatial and/or temporal summation effects (Nie, Graven-Nielsen, & Arendt-Nielsen, 2009 ).
In addition, peak pressures are also relevant for safety considerations and can be utilized as limits for clampingstyle collisions. The extrapolation of pressure values in this study, for instance, allows for group-based limits, which are accounted for in the Technical Specification 15066 (ISO) regulating the use of industrial collaborative robot systems.
In addition, our findings confirm that gender should be considered when interpreting PPT values. In comparison, the influence of occupational status is lower.
When choosing a measurement site for research purposes, we recommend the selection of sites with high PPTs, because the pain threshold is often easier to discriminate. The highest PPTs were found at and around the hands. The respective sites are the index finger end joint as well as the index finger pad, which seem most suitable for hand-held devices and reveal a relatively even distribution of pressure.
Due to higher intra-individual differences regarding peak pressures -which may be a result of differences in tissue properties -we also recommend abstaining from measurements at the spinous processes, breastbone, forehead and abdomen.
F I G U R E 7 Mean differences (dots) and 95% confidence intervals (horizontal lines) of peak pressures obtained from manual workers and non-manual workers (adjusted for age and gender) as well as from males and females (adjusted for age and occupational status); dom: dominant side; ndon: non-dominant side; *Breast muscle only measured with males
| CONCLUSION
The measurement of peak pressure can provide additional information compared with force thresholds alone. Pressure seems to be relevant for pain onset and depends on tissue properties. Our data indicate a great variability of pressure pain thresholds (both forces and peak pressures) at different localizations and between subjects. Gender, work status and to a smaller extent age were relevant influencing factors. The distribution of pressure should be considered as a potential influencing factor in future studies with pressure pain measures as outcome variables. Due to higher intraindividual differences regarding peak pressures at the spinous processes, breastbone, forehead and abdomen caution are needed when interpreting those sites.
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